The resonant metallic nanoparticles are proven to be efficient systems for the electromagnetic field control at nanoscale, owing to the ability to localize and enhance the optical field via excitation of strong plasmon resonances. [1] [2] [3] In turn, high index dielectric nanoparticles with low dissipative losses in the visible range, possessing magnetic and electric Mie-type resonances, offer a great opportunity for light control via designing of scattering properties. [4] [5] [6] [7] [8] Recently, the combination of these two paradigms in the form of metal-dielectric (hybrid) nanostructures (nanoantennas and metasurfaces) has allowed utilizing the advantages of both plasmonics and all-dielectric nanophotonics.
The first feature of such hybrid nanostructures is the large difference between sizes of the metal and dielectric nanoparticles. The latter are usually several times larger than the former, because the Mieresonances occur at the diameters larger than the wavelength in the dielectric nanoparticle. [25] The second feature is the necessity of application of different lithography methods and additional steps to create a metal-dielectric nanostructure with high precision. These requirements are strong limiting factors for fabrication of the asymmetrical (not a core-shell structure) hybrid nanostructures with certain optical properties. For example, the high-throughput wet-chemistry preparation can hardly be applied for fabrication of the hybrid nanostructures with precise control of optical properties, especially, based on high-index dielectric materials (Si, GaAs, etc.). [9, 26] Laser ablation also gives random size distributions for the hybrid nanostructures. [11] Therefore, the multistage lithography [12, 23, 27] seems to be the most powerful tool to achieve desirable overlapping of the optical modes. However, due to the above mentioned specific requirements on size/position of individual components, the conventional lithography still suffers from the absence of flexibility.
The femtosecond (fs) laser melting at the nanoscale is proven to be an effective method for plasmonic nanoparticles reshaping. [28] [29] [30] [31] [32] [33] As the direction of the melting-induced reshaping process is oriented from nanodisc to nanosphere due to irreversible action of surface tension, the plasmon resonance is to be shifted to the shorter wavelengths. However, the fs-laser melting has not been applied for hybrid nanostructures modification. In this work, we demonstrate for the first time a novel costeffective approach for fabrication of ordered hybrid nanostructures consisting in femtosecond laser reshaping of metal-dielectric nanoparticles prepared via developed lithography methods. The lithographic stages provide special shape of the dielectric component to achieve the controllable Grey color marks Si atoms; blue color -Cr atoms; yellow color -Au atoms.
The main mechanism, causing the change of the Au nanodisc shape at the intermediated fluences (lower than the Si nanocone melting threshold), can be described via dewetting process. [34, 35] In this process, the surface morphology of a thin solid film changes with heating in order to minimize the surface energy. The dewetting is governed by temperature and width to thickness ratio of the heated nanoparticle. [36] In our experiments, the laser-induced reshaping depends on absorbed fluence and the diameter to thickness ratio (d/h) of the Au nanodiscs. To get insight into the nanodimers modification process and determine the d to h ratio for better engineering of hybrid nanodimer geometry and following precise reshaping, we have performed the molecular dynamics simulation, which is proven to be a powerful method to study the laser modification of matter. [37] [38] [39] [40] [41] The simulated system contains Au layer, Cr layer and several atomic layers of the Si support including the one fixed atomic layer for system fixation. The simulations take place in the quasi-two-dimensional case (the simulation cell size is about 4 nm and periodic boundary conditions are used). Such quasi-two-dimensional simulation may
give a qualitative description of the matter evolution under laser irradiation (see discussion in Ref. [41] ). In order to demonstrate the precise manipulation of electric and magnetic responses of the hybrid nanostructures via fs-laser reshaping, we provide optical microscopy characterization of the hybrid nanodimers before and after the reshaping of the 20 nm thick Au nanodiscs, i.e. for the most optimal geometry, according to the above mentioned optimization. The scattering spectra in dark-field scheme for the hybrid nanodimers before and after local fslaser modification is demonstrated in Figure 4a . We observe the dramatic change of the spectra caused Au nanodisc) we have a resonant excitation of the electric dipole in the nanocone and nonresonant electric dipole excitation in the nanodisc at wavelength 600 nm. The absolute value of the electric dipoles are comparable, while they oscillate with a certain phase difference (not equal to ) that can be seen from electric field distribution at different times. The vector representation of electric field distribution is shown in Figure S5c (see Supporting information, Section 4). Such a system of two oscillating electric dipole moments forms an effective magnetic dipole moment of the entire hybrid nanodimer. However, since the electric dipoles oscillate with a phase difference, which is not equal to , electrodynamic response of the entire system can be represented as the sum of the electric and magnetic dipole moments oscillating in phase. Such matching of the electric dipole and magnetic dipole oscillations increasing directivity of the nanodimer, is well known "Huygens source" regime. [43, 44] Indeed, the unmodified hybrid nanodimer exhibits high directivity with almost zero backward scattering around the wavelength of 600 nm. After fs-laser reshaping of the Au nanodisc to the Au nanosphere the plasmon resonance shifts to the shorter wavelengths range and causes significant reconfiguration of the scattering pattern (see Figure 4b) . Thus, the fs-laser reshaping of the hybrid nanostructures enables advanced (large and precise) manipulation of optical properties of hybrid nanostructures. [ [45] [46] [47] Numerical simulations of molecular dynamics: The large scale molecular dynamics simulation was carried out using the LAMMPS code. [48] The AtomEye code was used for visualization of atomic dynamics. [49] For the description of gold we applied the EAM-potential [50] as a "cold part" of the electron-temperature-depended potential, which has been developed and successfully implemented in our previous works. [39, 41] The interatomic interactions of Cr and Si atoms and cross-interactions are Maxwell's equations.
